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Background and Purpose Transorbital blood flow sound recordings have the potential to be used for noninvasive detection of cerebral aneurysms and arteriovenous malformations. We describe our system and experience in detecting intracranial cerebrovascular disease.
Methods We investigated the noninvasive detection of intracranial vascular lesions by recording and analyzing the intracranial blood flow sounds. A new small transducer was placed on the unilateral eyelid to record the intracranial blood flow sounds, which were amplified and converted to digital data at a sampling frequency of 2000 Hz to provide a spectral analysis.
Results No spectral peaks were recorded in 30 healthy adults. Sharp peaks were recorded in 12 of 15 patients with undipped aneurysms, and broad peaks were recorded in two patients with vasospasm after aneurysmal clipping and in all patients with severe intracranial internal carotid artery stenosis.
Conclusions This noninvasive technique has the potential to be very useful in the detection of intracranial cerebrovascular disease, including aneurysm and arterial stenosis, and could be used in mass screening examinations. (Stroke. 1994£5 397-402.)
Key Words • carotid artery diseases • cerebral aneurysm • cerebral arteriovenous malformations • cerebral vasospasm T ransorbital blood flow sound recordings have the potential to be used for the noninvasive detection of cerebral aneurysms and arteriovenous malformations (AVMs). 12 In 1977, Olinger and Wasserman 1 first reported the use of an electronic stethoscopecomputer system for recording the intracranial blood flow sounds. We have used a new small transducer with a computer analyzing system to investigate 30 normal adults and 32 patients with intracranial arterial disorders, including aneurysm, vasospasm after subarachnoid hemorrhage, arterial stenosis, and AVM. We describe our system and experience in detecting intracranial cerebrovascular disease (CVD).
Subjects and Methods
This study was approved by the Human Subjects Review Committee of Ube Industries Central Hospital. All patients and/or their families were given a thorough explanation of the study, and only those who agreed to participate underwent blood flow sound recordings.
Instrumentation and Recordings
Fig 1 is a diagram of our system. We used a laboratoryprototype intracranial blood flow sound transducer that is responsive to sound in the frequency range of 20 to 2200 Hz. The diaphragm of the transducer was placed in contact with the closed eyelid of the patient, who was lying in a soundproof room, and the sound vibrations were transmitted from the cranium to a polyvinylidene fluoride film by a microcoupler (Fig 2) . Electrical signals were converted from the blood flow sound vibrations by the transducer, filtered, preamplified in the range of 0 to 2000 Hz, and recorded on a digital tape recorder. The sensitivity and capacitance of the transducer were -75 dB (V/ubar) and 400 pF, respectively. The operator monitored the blood flow signals as they were recorded with a stereophonic headset to adjust the position of the transducer and obtain the clearest possible signals. When loud respiratory sounds caused interference, the patients were asked to refrain from breathing during recording. The electrocardiogram (ECG) was simultaneously monitored to provide a trigger signal for data analysis. Sound sampling was started 100 milliseconds after the peak of the R wave on the ECG and ended at 800 milliseconds after the peak. At least 16 cardiac cycles were sampled to build up each averaged spectrum. The entire procedure took approximately 5 minutes per side.
Data Analysis
The taped signals were analyzed with a fast-Fourier transformation (FFT) analyzer, which displayed a spectrum of the signals in the range of 0 to 1000 Hz or 0 to 2000 Hz.
Recording in Healthy Adults
Thirty healthy adults with no history of CVD were included in the study. They included 25 men and 5 women (mean age, 34.7 years; age range, 19 to 50 years).
Patient Selection
We performed cerebral angiography in all patients with a considerable decrease in regional cerebral blood flow on single-photon emission computed tomography or with aneurysm-like signals on magnetic resonance imaging (MR angiography). Most of the unruptured aneurysms were found on angiography for investigation of cerebral ischemia or for further examination after MR angiography. Some of the patients with ruptured aneurysm were excluded from the study because they were operated on at an acute stage. All patients with unruptured aneurysm, AVM, or intracranial arterial occlusive disorders were studied.
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FFT ANALYSER HEADPHONE HEADPHOI Fra 1. Diagram of our system for recording blood flow sounds. ruptured), 2 had vasospasm after subarachnoid hemorrhage (SAH), 3 had AVMs, and 12 had arterial occlusive disorders. All 10 patients with unruptured aneurysm had no clinical history of SAH and vasospasm, and all 5 patients with ruptured undipped aneurysms had no vasospasm demonstrated by angiography. The intracranial blood flow sounds of the latter group were recorded on the day after the ictus. Two patients with ruptured clipped aneurysms had vasospasm confirmed by transcranial Doppler sonography (mean middle cerebral artery [MCA] flow velocities were more than 120 cm/s). All 12 patients with stenotic and occlusive arterial lesions underwent three-or four-vessel angiography to evaluate the collateral circulation. In 4 patients with intracranial internal carotid artery (ICA) stenosis (patients 21, 22, 24, and 27) and 1 with cervical ICA occlusion (patient 30), collateral flow via the anterior communicating arteries was demonstrated. In a patient with severe intracranial ICA stenosis (patient 21) and 3 patients with cervical ICA occlusion (patients 28, 29, and 30), the ICA territory was delineated by collateral circulation via the posterior communicating arteries or pericallosal arteries. In 2 patients with cervical ICA occlusion (patients 28 and 29), collateral channels between the external carotid artery and ICA were demonstrated without enlargement of the ophthalmic arteries.
Results
Good blood flow sound recordings were obtained in all 30 healthy adults and all 32 patients with CVD. Two neurologically ill patients required sedation to control blinking.
Healthy Adults
The spectral display recorded from a healthy adult is shown in Fig 3. The main frequency components of the blood flow signals were less than 150 Hz in healthy adults, and the spectral curve showed a smooth decline as the frequency became higher.
Patients With Aneurysm
Abnormal spectral peaks, which were not found in the healthy adults, were detected in 12 of 15 patients with aneurysm. These patients included 7 with ICA aneurysm, 1 with posterior communicating artery aneurysm, 3 with MCA aneurysm, 1 with anterior communicating artery aneurysm, and 1 with basilar artery aneurysm. One ICA, one anterior communicating artery, and one distal anterior cerebral artery aneurysm were not detected ( Table 1 ). The spectral curve recorded from a 65-year-old woman with a basilar-tip aneurysm (patient 14) revealed a sharp abnormal peak at 380 Hz (Fig 4) . The spectral curves of the patients with aneurysm showed sharp peaks less than 100 Hz wide at frequencies between 150 and 800 Hz, and the mean (± SD) frequency of these peaks was 448 ± 230 Hz. The peaks were always recorded from the ipsilateral eye and sometimes from both eyes. There was no correlation between the size or site of the aneurysm and the frequency of the abnormal peaks.
Patients With Vasospasm After SAH
In both of the patients with vasospasm after SAH, broad peaks more than 200 Hz wide were recorded in the range from 700 to 1000 Hz ( Table 2 ). The spectral display obtained from a 59-year-old woman with symptomatic vasospasm (patient 16) showed a broad peak at 700 to 900 Hz (Fig 5) .
Patients With AVM
Abnormal peaks were detected in one of three patients with AVM (Table 3 ). The spectral display of a 58-year-old man with an occipital pial and dural AVM (patient 18) showed two sharp peaks less than 100 Hz wide at 600 and 1000 Hz (Fig 6) .
Patients With Arterial Occlusive Disorders
Of the seven patients with intracranial ICA stenosis, four showed broad abnormal peaks more than 200 Hz wide. All of the patients with more than 60% stenosis of the intracranial ICA showed abnormal peaks, whereas those with less than 40% stenosis did not show any abnormalities. The frequency of the broad peaks varied with the severity of stenosis (Table 4 ). The peaks were less than 850 Hz when the stenosis was less than 70%, whereas they were more than 800 Hz when the stenosis was more than 70%. The spectral display of a 65-yearold man with intracranial ICA stenosis (patient 22; 80% stenosis of the C3 portion) showed a broad peak at 800 to 1200 Hz (Fig 7) . No abnormal findings were obtained in the patients with cervical ICA lesions ( Table 4) .
Discussion
In 1977, Olinger and Wasserman 1 first reported the use of an electric stethoscope-computer system for recording intracranial blood flow sounds. This system could repeatedly detect angiographically confirmed anteriorly located intracranial arterial disease, including aneurysm, vasospasm, and carotid siphon abnormalities. Our technique is also based on noninvasive transorbital recording and analysis of the intracranial blood flow sounds, and recording and analysis could be completed in only 5 minutes per side in our series. Our system used commercially available equipment for recording, amplifying, and FFT analysis. However, the intracranial blood flow sounds transducer was a laboratory prototype. Only two neurologically ill patients required sedation to control blinking, and the other 30 patients who were studied required no pretreatment. Thus, this convenient technique has the potential to be used as a routine and/or screening examination, even in neurologically ill patients.
The mechanisms generating abnormal blood flow sounds may vary in different disorders, producing the characteristic spectral peaks that we found in patients with aneurysm and those with arterial stenosis. Olinger and Wasserman 1 discussed the mechanism of aneurysmal bruits in detail. They suggested that aneurysms may act as flexible fluid-filled Helmholtz resonators and vibrate in response to the pulsation of blood. This resonance effect may have a major role in the production of "sharp" spectral peaks. Ferguson 3 postulated that the sounds may be produced by the vibration of blood vessels caused by turbulent flow in aneurysms. It seems possible that the "broad" peaks found in the patients with intracranial arterial stenosis may be unrelated to the resonance effect and that blood vessel vibration caused by turbulent flow may be a principal role in their production. Lees and Kistler 4 also performed noninvasive diagnosis of cervical arterial stenosis by using recording and spectral analysis of blood flow sounds. They reported that the blood jet coming through the stenosis generated energy, which was transmitted to the vessel wall and then to the skin surface to produce a bruit.
Of our 15 patients with aneurysm, 10 showed abnormal sharp peaks at frequencies between 150 and 800 Hz. Aneurysmal bruits were first reported by Richardson and Kofman in 1951, 5 and detection of bruits was used for the diagnosis of aneurysms by Olinger and Wasserman in 1977. 1 They reported spikes at frequencies between 500 and 600 Hz in 6 patients with aneurysm. Sehkar and Wasserman 2 also reported spikes at 400 to 700 Hz and broad bruits between 200 and 900 Hz. In 1972, Ferguson 3 investigated intra-aneurysmal turbulent flow in glass models and bruits from aneurysms in clinical subjects at craniotomy. Bruits were recorded from 12 of 19 intracranial aneurysms, all of which were musical and high pitched, and the mean predominant frequency was 440±150 Hz in his series. In the present study, the mean frequency of the abnormal peaks was 448 ±230 Hz, which almost coincides with the results of Ferguson. The size of the aneurysm did not influence the frequency of the abnormal spectral peak because the aneurysms in the present study varied from 3 to 20 mm and showed no correlation between size and the peak frequency.
The site of the aneurysm influenced the detection rate. In the present study, six of seven ICA aneurysms and all of the MCA aneurysms were detected. However, one of two anterior communicating artery aneurysms and one distal anterior cerebral artery aneu10dB/ -80 rysm were not detected. This suggests that our technique is especially useful in the detection of ICA and MCA aneurysms. The abnormal peak detected in a patient with a basilar-tip aneurysm (patient 14) suggested that this technique also may be useful in posterior circulation.
Patients with vasospasm after SAH revealed broad peaks at frequencies between 700 and 1000 Hz. The width of these peaks was approximately 200 Hz, much wider than the peaks in the patients with aneurysm. These peaks may have the same source as the bruits at 200 to 900 Hz recorded by Sehkar and Wasserman 2 in patients with ruptured aneurysm. Broad peaks were also recorded from the patients with ICA stenosis. These results indicate that broad peaks at a rather high frequency were produced by moderate-to-severe arterial stenosis.
The broad peaks recorded in patients with intracranial ICA stenosis varied with the severity of the stenosis (Table 4 ). The blood flow velocity at the site of the stenosis, which increases with progressive narrowing, may contribute to changes in the frequency of these peaks. Lees et al 6 reported on spectral analysis recorded in patients with both mild and severe cervical ICA stenosis. They found a sharp fall in amplitude at about 200 Hz in the patients with mild stenosis, whereas the fall occurred at more than 400 Hz in those with severe stenosis. The main frequency component of the bruit in the former patient occurred at 150 to 300 Hz, whereas that in the latter occurred at 200 to 550 Hz. This reported change of the main frequency component of the bruit may coincide with our finding that the frequency of the broad peak became higher as the stenosis became more severe, although there were some differences in the peak frequencies in the two studies. These differences may have resulted from variations in recording site, lumen diameter, blood flow velocity, and dynamic range and sensitivity of the transducers.
Patients with cervical ICA stenosis showed no abnormal findings in the present study. Thus, when our transducer was placed on the eyelid, it appeared to detect only blood flow sounds from the intracranial arteries, especially from the anterior circulation. Accordingly, this transducer should be placed above the cervical bifurcation of the common carotid artery when cervical lesions are being evaluated. Collateral flow via anterior communicating arteries, posterior communicating arteries, and pericallosal arteries did not influence the spectra obtained. These types of hemodynamic changes may not have been accompanied by blood flow sounds because they may have had neither jet action nor resonant effect in the patients studied by our system. However, the lack of abnormal findings may result from unsatisfactory sensitivity regarding the hemodynamic changes near the anterior communicating artery, as shown in the detection in the patients with anterior communicating artery aneurysm. On the other hand, a change of flow direction or an increase in collateral blood flow via the ophthalmic arteries may influence the pericarotid blood flow sounds. However, this type of collateral circulation was not present in our patients and needs further evaluation in the future.
The findings recorded from a patient with mixed AVMs differed from those from patients with other disorders. The sharp peaks recorded were almost the same shape as those in the patients with aneurysm, but twin peaks were noted. The source of these two peaks is still unclear because AVM is associated with various factors that could influence intracranial blood flow sounds, such as the number of feeding arteries, presence of aneurysms and varices, and nidus size. Sehkar and Wasserman 2 also reported bruits recorded from four patients with huge AVMs, and these bruits ex- tended over a wide range of frequencies with multiple spikes. They concluded that the bruits represented turbulent flow through arteries, fistulas, or veins and that spikes were caused by turbulent flow through partially thrombosed or thick-walled aneurysms. More recording and analysis of other patients with AVM may confirm the causes of these abnormal findings. Transducer-detected blood flow sound signal technique is completely noninvasive and easy to perform and has a noteworthy sensitivity for the detection of intracranial aneurysms, vasospasm after SAH, and arterial occlusive disorders. This technique has the potential to be used for screening patients as well as for emergency or repeat evaluation of neurologically ill patients.
